Abstract Purpose: To investigate the effect of Betong watercress and phenethyl isothiocyanate (PEITC) on the N-demethylation of caffeine (CF) in rats
INTRODUCTION
Watercress (Nasturtium officinale R.Br.) and other members of the Cruciferae (Brassicaceae) contain glucosinolates which can be hydrolysed by myrosinase to isothiocyanates (ITCs) after chewing. In the crucifer family, watercress contains the largest amounts of ITCs, mostly phenethyl isothiocyanate (PEITC) [1] which is a dietary substance that has a protective effect against chemical carcinogen-induced tumors in animals [2] .
Watercress and PEITC influence phases I & II drug metabolizing enzymes. Watercress inhibits the CYP2E1-mediated metabolism of some drugs [3, 4] , but higher doses enhance the activity of ethoxyresorufin-O-deethylase (EROD; CYP1A), and NAD(P)H-quinonereductase, in a dose-dependent manner [5] . The effect of the PEITC on CYP1A expression and activity is still unclear. An in vitro study has demonstrated that CYP1A2 and other isoforms are inhibited by PEITC [6] . However, an animal study has shown inconsistent effects of PEITC on CYP1A activity [7] .
Betong watercress (Phak Num Betong; Fig. 1A ) is a variety of watercress cultivated in Thailand, mostly in the South at the Betong District of Yala Province. It is claimed that this plant is originally from France and has been brought to grow in China and then in Thailand by Chinese immigrants. However, its scientific name has never been formally confirmed. Additionally, no evidence of its effects on drug metabolizing enzymes such as CYP1A2 has been reported. Caffeine (CF) is primarily metabolized via Ndemethylation to paraxanthine (PX), theobromine (TB) and theophylline (TP) and C-8-hydroxylation to 1,3,7-trimethyluric acid (TMU) in humans and rats. These reactions are mainly mediated by CYP1A2. CF is a marker for determining any influence of xenobiotics on this enzyme activity and caffeine metabolic ratios (CMRs) are acceptable indicators for determining CYP1A activity in humans and rats [8] .
The aim of this study was to investigate the effects of BW and PEITC on caffeine Ndemethylation in rats.
EXPERIMENTAL Chemicals
Standard CF, TB, TP, PX, PEITC, fluvoxamine (FV), acetaminophen (AP), 1,2-benzenedithiol, and myrosinase were obtained from SigmaAldrich, USA. HPLC grade acetonitrile and tetrahydrofuran were obtained from Mallinckrodt Baker Inc., USA. All other chemicals were of analytical reagent grade.
Animals
Adult male Wistar rats (195 -220 g) were obtained from Southern Laboratory Animal Facility, Prince of Songkla University. The animal experiments were approved by the Animal Ethics Committee, Prince of Songkla University (ref.
17/51). The animals were handled in accordance with the guidelines of the National Research Council of Thailand based on the International Guiding Principles for Biomedical Research Involving Animals [9] .
Authentication and preparation of Betong watercress
In December 2009, Betong watercress was purchased from a local farm at Betong district, Yala province, Thailand. The whole plant was identified at the Princess Maha Chakri Sirindhorn Natural History Museum, Prince of Songkla University where the voucher specimen (B. Janchawee 1; Fig. 1B ) has been deposited.
Fig 1:
Betong watercress (Phak Num Betong; Nasturtium officinale R.Br.) collected from Betong district, Yala province by B. Janchawee; (A) fresh plant; (B) a voucher specimen (B. Janchawee #1).
To prepare a dry powder, fresh Betong watercress (10 kg) was cleansed, roughly chopped and mixed with deionized water before homogenizing with a kitchen blender. The paste was wrapped with cheese cloth and squeezed to release the juice. The residue was mixed with another portion of deionized water and squeezed again. All extracts were pooled then lyophilized.
Experimental design
An experiment consisted of phase I, referring to a single oral dose administration of CF (10 mg/kg), and phase II, referring to pretreatment with the study drugs before receiving the same dose of CF as in phase I. The wash-out period was two days. Rats were randomly divided into nine groups (n=6) which were assigned different pretreatments as follows. Group I, the animals were intraperitoneally injected with fluvoxamine at a single dose of 10 mg/kg. Groups II, III, and IV, the animals were pretreated with a single dose of PEITC at the doses of 2, 10, and 20 mg/kg, respectively. Groups V, VI, and VII, the animals were pretreated with multiple doses of PEITC at the doses of 2, 10, and 20 mg/kg, respectively, once daily for five days. The animals in group VIII were administered a single dose of 800 mg/kg of dry powders of Betong watercress juice while those in group IX received the same dose of Betong watercress once daily for 5 days.
PEITC was dissolved in corn oil. The dry powder of Betong watercress was suspended in 20% aqueous acacia. Blood samples were taken before and 3 h after CF administration in phase I and phase II.
Serum was separated by centrifugation at 1000 x g for 20 min.
Analysis of CF, PX, TB, and TP in serum
Preparation of standard solutions Stock solutions of CF and AP (internal standard) were prepared in deionized water. Those of PX and TP were prepared in 0.1 M ammonium hydroxide. That of TB was prepared in 0.1M sodium hydroxide. Working solutions (0.08 -40 μg/mL) were prepared as a mixture with deionized water. Calibration standard mixtures (0.02 -10 μg/mL) containing AP (25 μg/mL) were prepared.
Sample extraction
Based on the modified method [10] , serum (200 μL) was combined with AP (100 μg/mL, 50 μL) and ammonium sulphate (60 mg). A mixture of chloroform-isopropanol (85:15, v/v, 6 mL) was added and mixed (30 s). After centrifugation (875 x g, 15 min), the organic phase was evaporated. The residue was reconstituted in the mobile phase (100 μL) for HPLC analysis.
Chromatographic method
The HPLC system consisted of Waters 2695 Separations Module and a Waters 5487 dual λ absorbance detector (Milford, MA, USA). Data were processed using the EmpowerTM Software System. Separation was modified based on the previous method [11] . A Symmetry® C18 column (250×4.6 mm i.d., 5 μm) connected to a SymmetryTM guard column (20×3.9 mm i.d., 5 μm) was used and controlled at 32ºC. A wateracetic acid-tetrahydrofuran mixture (996.5:1:2.5, v/v/v) was the mobile phase A, while acetronitrile was the mobile phase B. The gradient elution was as follows; B, 6% at 0-9 min, increased to 15% from 9 to 10 min (curve 10), decreased to 6% from 10 to 11 min (curve 6), and post run equilibration of 3 min. The flow rate was 1.3 mL/min. The sample (20 μL) was detected at 274 nm.
Determination of PEITC in Betong watercress
Preparation of standard solutions A stock solution of PEITC in acetronitrile was diluted to different concentrations (0.1-30 μg/mL). Calibration standard solutions (0.3 -5 μg/mL) were prepared by adding 100 μL of the working standard solutions in cyclocondensation reagents, i.e., 600 µL of 10 mM 1,2-benzenedithiol in isopropanol and 500 µL of 0.1M phosphate buffer (pH 8.5). The mixture was incubated as described in the next section.
Sample derivatization
Determination of PEITC required two steps; 1) hydrolysis of glucosinolates, and 2) ITC derivatization via the cyclocondensation reaction [12] . Samples (n=3) of Betong watercress dry powder (2 mg) were dissolved in deionized water (2 mL), then mixed with myrosinase solution (1 mL) and incubated at 37°C for 2 h. After centrifugation (875 x g, 15 min), the supernatant (100 μL) was mixed with cyclocondensation reagents, then incubated at 65°C for 2 h prior to HPLC injection.
The amount of PEITC per 1 mg of Betong watercress dry power (Amt. PEITC) was calculated using the equation (1).
…… (1) C Final is the final concentration of PEITC measured by HPLC; V 1 is the volume of the aliquot from the myrosinase reaction (0.1 mL); V 2 is the total volume of the derivatizing reaction mixture (1.2 mL); V 3 is the total volume of the myrosinase reaction mixture (3 mL); and W is the weight of dry powder used in the reaction.
Chromatographic method
Separation was modified from the previous method [12] . The Fortis® C18 column (150×4.6 mm i.d., 5 μm) connected to a guard column, Sunfire® (20×4.6 mm i.d., 5 μm) was used and controlled at 25ºC. The mobile phase was a methanol-water mixture (90:10, v/v) flowed at 1.1 mL/min. The sample (20 μL) was detected at 365 nm.
Method validation
The analytical methods were validated in accordance with the USFDA guidance [13] in terms of linearity, precision, accuracy, recovery of extraction (except for PEITC), and lower limit of quantification (LLOQ). For CF and it metabolites, spiked serum samples (0.02-10 μg/mL, n=5) were used. The LLOQ was determined with a precision of 20% and accuracy of 80-120%. For PEITC, standard samples (0.1-30 μg/mL, n=5) in the cyclocondensation reagents were used. The peak area of its derivative (1,3-benzenedithiole-2-thione) was measured. The LLOQ was determined based on signal to noise ratio (S/N) ≥ 5.
Validation showed that calibration curves for CF and its metabolites were linear (r > 0.9990). All analytes were completely extracted from the serum. Ranges of intra-and inter-day precision for CF, PX, TP, and TB were 2.8-13.4, 2.3-9.3, 2.1-7.3, and 3.5-6.5% RSD, respectively. Ranges of intra-and inter-day accuracy were -11.5-(+) 18.5, -5.7-(+) 11.3, -18.2-(+) 8.3, and -4.6-(+) 17.9% DEV, respectively. The LLOQs of CF and PX was 0.02 µg/mL, while those for TP and TB were 0.04 and 0.08 µg/mL, respectively.
Calibration curve of the peak area of the derivative plotted against PEITC concentrations also showed good linearity (r = 0.9999). The intra-and inter-day precision range was 0.6-4.1% RSD. The intra-and inter-day accuracy range was -7.5-(+) 18.2% DEV. The LLOQ was 0.1 µg/mL.
Data analysis
All data were expressed as mean ± SE. CMRs were calculated as the ratios of the serum concentration of each metabolite to that of CF (TB/CF, PX/CF, and TP/CF), and total serum concentrations of metabolites to that of CF (TB+PX+TP/CF). CMRs in phases I and II experiments were compared using Student's paired t-test. The percentage changes in MRs among different groups of drug pretreatment for each MR parameter was analyzed by using ANOVA followed by LSD test, while those for single-and multiple pretreatments were compared by Student's t-test. A statistically significant difference was accepted at p<0.05.
RESULTS

Chromatographic profiles
CF, TB, PX, and TP either in the spiked serum ( Fig. 2A) or in real serum samples (Fig. 2B) , were well separated within 13 min. The derivative product of PEITC was eluted at 3.91 min and it was also well separated with no interference (data not shown).
Fig 2:
Chromatograms of CF and its metabolites; (A) rat serum spiked with internal standard (IS; 25 µg/mL) and standard TB, PX, TP, and CF (4.5 µg/mL); (B) serum sample at 3 h after CF administration. by Betong watercress were 9-22% and these were significantly less than those caused by FV and PEITC at all doses. Multiple doses of PEITC caused 43-69% MR reduction which was not significantly different when compared with a single dose pretreatment. In a similar way to a single dose, no dose-dependency of PEITC was seen. Multiple pretreatments with Betong watercress caused 28-44% reduction in the TB/CF and TP/CF ratios which were significantly greater than those obtained from a single pretreatment.
DISCUSSION
In humans and rats, CF is primarily metabolized via N-demethylation to TB (1-N position), PX (3-N position), and TP (7-N position), and via C-8-hydroxylation to TMU. The recent in vitro experiments using cDNA-expressed P450s, liver microsomes and specific P450 inhibitors have demonstrated the different relative contributions of CYP isoforms to the metabolism of caffeine in both species. In humans, 3-N-demethylation is the main pathway (~70%) compared to 1-N-and 7-N-demethylation (7-8%) and C-8-hydroxylation (~15%). Both 3-N-and 1-N-demethylation are specifically catalyzed by CYP1A2. 7-NDemethylation is catalyzed mainly by CYP1A2 and with a lesser extent by CYP2C8/9 and CYP3A4. In contrast, C-8-hydroxylation is the major route (~70%) in rats compared to 1-N-and 7-N-demethylation (8-9%) and 3-N-demethylation (~13%). C-8-Hydroxylation is mainly regulated by CYP1A2 (72%). 1-N-and 3-N-Demethylation are contributed by CYP1A2 with the proportion of 37.5% and 47%, respectively. 3-N-Demethylation is also regulated by CYP2C11 (31%). 7-NDemethylation is regulated mostly by CYP2C subfamily (~66%) particularly CYP2C6 and CYP2C11 [8] .
The present study determined CMRs that can reflect an alteration in CF metabolism rate and the relevant CYP isoform activities. Although the hydroxylation is the major route in rats, only MRs representing the demethylation was investigated in this study due to the lack of the commercial standard of the metabolite TMU. However a change in demethylation MRs indicates the modification of activity of CYP1A2 and CYP2C that contribute to such reactions in this species.
The decreases of TB/CF, PX/CF, TP/CF ratios after single-and multiple pretreatments of PEITC and Betong watercress were most likely caused by inhibition of CYP1A2 and/or CYP2C. This is consistent with the in vitro study that used microsomes from baculovirus-infected insect cells expressing human CYP isoforms, and demonstrated that PEITC competitively inhibited CYP1A2 and noncompetitively inhibited CYP2C9, CYP2C19 but not CYP2C8 [6] . Another work [7] studying the enzyme activity in rats receiving PEITC for 2 weeks showed that only the low dose (1.1 mg/kg) of PEITC decreased CYP1A1 and CYP1A2 activity, and the higher doses (11 and 110 mg/kg) increased CYP3A activity. No data have yet indicated an influence of PEITC on CYP2C6 or CYP2C11.
The present study showed that a 5-day pretreatment with PEITC exhibited a similar inhibition of CF demethylation to a single pretreatment, i.e., 43 -69% vs. 40 -55%, respectively. This indicates a time-independent manner of CYP1A2 and CYP2Cs inhibition of PEITC. The inhibitory effect of PEITC (2-20 mg/kg) showed dose-independent pattern both for single-and multiple dose-pretreatments. The percentage decrease of CMRs after a single high dose of PEITC tended to increase although no statistical significance was noted. After multiple high doses, the percentage decrease of CMRs appeared to decrease. Such dose-independent inhibition may be due to the non-linear pharmacokinetic behavior of PEITC as demonstrated in the earlier study [14] . The authors investigated the kinetics of a single dose administration of PEITC in rats and described that clearance tended to decrease and the volume of distribution tended to increase after higher doses, i.e., > 10 µmol/kg (1.65 mg/kg).
This work used FV as a reference inhibitor although its potent CYP1A2 inhibitory effect has been mostly established in human studies. FV also has inhibitory effects on CYP2C19 in humans [15] . This study shows that FV at the dose of 10 mg/kg, which was lower than that known to exert its pharmacological action in rats, i.e., 25 mg/kg [16] inhibited both CYP1A2 and CYP2Cs as noted by the 30 -40% decrease in CMRs.
To investigate the effect of Betong watercress on CF demethylation, the preparation derived from fresh, not cooked, vegetable was used. It has been recognized that ITCs are products of glucosinolate-myrosinase hydrolysis. Myrosinase located separately from glucosinoates in plant cells [17] . When humans ingest fresh watercress, plant cells are damaged by chewing, and the enzyme is released and rapidly catalyzes conversion of gluconasturtiin to PEITC. By using urinary N-acetylcysteine conjugate as a marker, consumption of 57 g of fresh watercress resulted in a 30-67% conversion of gluconasturtiin corresponding to 12-15 mg (72.6 -90.7 µmole) of PEITC in the body [18] . For cooked watercress, cooking diminishes the concentration of glucosinolates in plant tissue and also inactivates myrosinase [19] . In individuals ingested cooked watercress in which myrosinase is completely inactivated by cooking, glucosinolates are converted to ITCs via colonic microflora. However, the extent of conversion is substantially less than after ingesting the uncooked vegetable [20] .
The present work has ensured that the dry powder of fresh juice preparation contained PEITC. During blending of the fresh plant to prepare juice, glucosinolates come into contact with endogenous myrosinase and hydrolysis was rapidly initiated. It was likely that juice contained PEITC as reported earlier, and that PEITC was a component of watercress juice with a concentration of 24 mg/L [21] . In addition, it is likely that glucosinolates, which are water soluble, at the cut surfaces of plant cells leached out during blending process. Hence Betong watercress juice probably also contained glucosinolate precursors that will be changed to PEITC in the gut. After incubation of the dry powders of juice with exogenous myrosinase, it was found that the PEITC content was 2.50 µg/mg dry powders or 15.1 µmole/g dry powders which was equivalent to 68.5 g of fresh vegetable.
Dry powder of Betong watercress administered at a dose of 800 mg/kg, which is equivalent to a low dose of PEITC (2 mg/kg), had an inhibitory effect similar to that seen with pure PEITC. This indicates PEITC absorption probably in intestine. However, the extent of inhibition that resulted from Betong watercress was much lower than that caused by 2 mg/kg PEITC. This may be due to a variation of hydrolysis of the glucosinolates in the dry powders to PEITC in vivo. Such conversion occurs in the colon of rats and humans via microflora possessing myrosinase activity. In addition, glucosinolates may be converted to other classes of metabolites, of which ITCs constitute a small proportion. The released ITCs may be further metabolized to unknown compounds by colonic microflora before their absorption [22] .
CONCLUSION
Inhibition of CF demethylation by PEITC and Betong watercress indicates an inhibition of CYP1A2 and CYP2C. Since CYP1A2 plays a role in procarcinogen bioactivation, and interference with bioactivation mediated by cytochrome P450s is proposed as one mechanism of antitumor effect of xenobiotics, Betong watercress may be of benefit in chemoprevention, especially if one ingests a whole plant which contains more glucosinoate precursors.
